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At the present time our information concerning the changes effected 
in  living  matter  by  x-rays  and  the  radiations  from  radio-active 
substances is confined chiefly to the characteristic exudative phenom- 
ena noted in  animal  tissues,  and  the  altered  structural  character 
of cells observed following exposures to  these radiations.  We have 
but little data bearing on the underlying physiological processes which 
lead to these characteristic morphological changes.  Several specula- 
tions  have  been  made from  time  to  time  to  explain  the  biological 
action  of  these  radiations,  but  no  experimental evidence has  been 
presented for  their  support.  It  is  obvious  that  an  analysis of  the 
physiological action of these physical agents depends upon data to be 
obtained from investigations which will throw some light on the chemi- 
cal action of x-rays and radio-active radiations on living matter.  Since 
at this time we have no direct experimental approach to cell chemistry, 
we have to content ourselves with inquiries concerning the effect of the 
radiations under discussion on types of biological reactions which can 
be studied in vitro.  Since enzymes hold such a dominant place in the 
chemistry of living matter, the reactions of these substances appear 
to be the logical ones to investigate first.  Moreover, for these investi- 
gations we have methods for observation which permit one to obtain 
results that can be treated quantitatively. 
In this communication we will report the results of experiments in 
which we have observed the effect of radiations from radium emana- 
tion on aqueous solutions of powdered trypsin.  The source of radiation 
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employed for the experiments to be reported in this paper was purified 
radium emanation  contained in sealed capillary glass tubes of about 
13 ram. length and 0.4 ram.  outside diameter.  The wall thickness of 
the tubes used (approximately 0.1 ram.) prohibits the passage of alpha 
radiation  but interferes  very little with  the passage of the beta  and 
gamma  radiation.  (The  method  of  collecting  emanation  in  this 
laboratory and  of measuring its activity is fully described in a  paper 
by Failla. 1  We are indebted  to Mr.  Lobley of our Radium Labora- 
tory for the special preparation of the tubes for our experiments.) 
In  order  to  have  uniform  conditions  of  exposure,  the  following 
procedure was found to give satisfactory results.  A disk was punched 
out of a block of paraffin with a cork borer and the emanation tube was 
set in its center by means of a  short extension of glass.  This piece 
of glass was fused on the emanation tube some time before the experi- 
ment  was  begun.  The  paraffin  disk with  the  emanation  tube  was 
fitted into  one end  of a  glass  cylinder of about  30 ram.  height  and 
approximately  17  ram,  inside  diameter.  The  disk  was  now  sealed 
in  the  cylinder by passing  the  end  of a  warm  glass  rod  around  its 
inner  circumference.  As  additional  safety,  the  end  of  the  cylinder 
with the disk was dipped into melted paraffin.  As soon as the paraffin 
hardened  the  receptacle  was  ready to receive  the  trypsin  solution 
to be exposed.  The entire active portion of the emanation  tube was 
surrounded  by liquid.  In  the  arrangement  described,  the  thickness 
of the layer of fluid around  the tube was about 8.5  ram.  Since  the 
absorption of radiation is a  function of the chemical composition and 
the density of the substance being acted upon, and since the density 
of the substances used in our experiments is practically  the same as 
water,  the  absorption  must  be  essentially  the  same.  Therefore  we 
can safely assume the absorbing power of the solutions under discussion 
to be substantially the same as for water.  It has been shown in this 
laboratory that a layer of water of the thickness stated is sufficient to 
absorb practically all  ' the beta radiation  emitted from the emanation 
tubes. 
Our  experimental  procedure  has  been  as  follows.  The  trypsin 
solution was put into one of the containers previously described with a 
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pipette calibrated to deliver 2.95 cc. of water at 19°C.  The beginn~ng 
of the exposure was taken from the time observed when the  pipette 
was half emptied.  The receptacle containing the test was put  into 
a  compartment in  a  lead block which was kept in melting ice in a 
refrigerator.  The refrigerator temperature was maintained between 
4  ° and 6°C.  Controls and stock solutions were kept under the same 
temperature conditions.  At  the end of the period of exposure the 
emanation tube was removed with forceps and the trypsin solution 
was thoroughly mixed.  The mixing of the solution before a  sample 
is  withdrawn  for  a  test  is  important  because  the  chemical change 
effected by the radiations does not take place uniformly throughout 
the  fluid.  This  is  true  for  the  following reasons.  The  beta  rays 
consist of electrons moving with different velocities, the penetrating 
property of which is a  function of  their speed.  The slower moving 
particles  are  absorbed  more  readily,  hence  a  large  part  of  these 
radiations will be absorbed in the layer of fluid immediately adjacent 
to the emanation tube.  Also there is a  decrease in the intensity of the 
radiations due to  the distance  factor,  though to  a  less extent than 
would be the case for a  point  source of radiation since  the inverse 
square law does not hold for the conditions described for the experi- 
ments.  It  follows  from  these  facts  that  the  greatest  amount  of 
chemical change takes place in a  thin layer around the tube.  We do 
not  assume,  however,  that  the  chemical change  found in  different 
parts of the solution is brought  about only by the radiations which 
are absorbed there, because the effect of  diffusion in the solution is 
important. 
After mixing the radiated solution a sample of 0.5 cc. was withdrawn 
and the active trypsin present was measured by Northrop's viscosity 
method.  2  The  sample  of  trypsin  solution  is  added  to  25  cc.  of 
3 per cent gelatin of about pH  7.4.  The gelatin is kept in a  water 
bath at 34°C.  10 cc. of the gelatin-trypsin mixture are pipetted into 
a  viscosimeter contained in  the same bath  and  the time of outflow 
between two points on the viscosimeter pipette is measured in seconds 
by a  stop-watch.  Observations  of  this  kind  are made at  frequent 
intervals of time.  The times  of  outflow  in  seconds  are  plotted  as 
ordinates against the time period of observation as abscissae.  Then 
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a  smooth curve is drawn  through  the coordinate points.  The recip- 
rocal of the time required for a change in 20 per cent of the extrapolated 
zero point is taken as a measure of the activity of the enzyme solution. 
As an arbitrary unit of measurement the value of one unit is assigned 
to a trypsin solution which gives the experimental end-point in 1 hour. 
In our experiments the original value of the active trypsin in a solution 
(Qo)'to be radiated has been the mean of several determinations made 
before, during,  and  after  the observations.  The  value of the active 
trypsin remaining in the solution after exposure to radiation has been 
the mean of two determinations. 
The  trypsin  solutions  have  been  prepared  by  mixing  1  gm.  of 
Fairchild's  powdered  trypsin  in  50  cc.  of water.  This  mixture  was 
allowed to  stand  1 hour,  then filtered,  and  refiltered.  For  the  test 
1.5 cc. of the resulting solution are made up to 80 cc. with 0.2 M NaC1. 
This dilution yields about three units of active trypsin per 0.5 cc.  This 
value  remained  constant,  within  the  limits  of  measurement  our 
method  permits,  throughout  the  period  of  any  experiment.  The 
dilutions were made from fresh preparations for each experiment. 
EXPERIMENTAL. 
Having  observed  a  striking  qualitative  destructive  effect  on  a 
diluted  trypsin  solution, 3 we  proceeded  to  determine  whether  we 
could establish a  quantitative  relation  between this  chemical change 
and  the radiations producing it.  In order to make the presentation 
of our experiments clear it is necessary to consider briefly some under- 
lying factors involved in  the  measure  and  use of radium  emanation 
as employed by us.  The practical unit  of measure for the quantity 
of  emanation  is  the  millicurie.  By  definition  a  millicurie  is  that 
amount  of  emanation  in  equilibrium  with  1  milligram  of  radium. 
Radium  emanation  is constantly undergoing decay so that its value, 
when  separated  from  its  parent,  radium,  is  constantly  decreasing. 
In dealing with the chemical action of its radiations when the emana- 
tion is separated from radium one has to consider the influence of this 
We found that concentrated solutions were not affected under the conditions 
of irradiation employed by us.  This is apparently due to the fact that the com- 
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decay on the change under observation.  Since this decay follows a 
well established law, it can be corrected for.  This may be done in two 
ways.  Observations can be  made at different  time  intervals,  as is 
the usual custom for investigating a  chemical reaction,  and then a 
correction for the decay calculated.  This is a cumbersome procedure. 
A more simple method of procedure is possible because of the following 
relations.  For any given source of emanation, the radiant energy is 
proportional  to  the quantity in millicuries.  If the  source is  acting 
for a certain length of time the radiant energy, which is emitted during 
that time, may be represented by a value determined by the product 
of the average intensity (E~), expressed in millicuries, and the time in 
hours  (t)  elapsed; i.e., Eat  =  a  certain value termed millicurie hours 
which is an energy unit  (W).  This  unit  is  somewhat analogous  to 
kilowatt hours employed in electrical measurements.  It may further 
be stated that the millicurie hour measure is represented by the area 
under the curve 
E  =  Eoe  -  xt  I 
i.e. 
~j  k tdt  W  =  A  =  Eo  e  -  II 
where E o  is the initial  strength of the emanation in ~Kc~es,  e is 
the base of natural logarithms, X the decay constant of radium emana- 
tion,  and  t  is  the  time  in  hours.*  This  expression  integrated and 
solved for t  with  the modulus for converting natural logarithms to 
base i0 logarithms introduced results in the following equation 
W  t--  -  307.1 ~logl0 (1  13~ ~o) ]  III 
It is a  simple procedure now to  substitute  any desired value for W 
and solve for t, the period of exposure. 
An  experiment was made under  the  conditions  that  the product 
E~t was  constant.  Equal  volumes of dilute trypsin solution giving 
an initial value for (2 of 2.87  units were exposed, in  three separate 
tubes prepared as previously described, to radium emanation of the 
following  initial  strengths;  44.1,  85.4,  and  154.2  millicuries.  The 
three  exposures  were  started  simultaneously.  70  was  arbitrarily 
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chosen as  the  constant value for  the product of the  two variables, 
so it may be said  that  the solutions were given 70  millicurie hours 
exposure.  This experiment was repeated twice, after intervals of 2 and 
20 hours respectively.  Q, determined for the control solution before 
the  last  observation  was  made,  gave  a  value  of  2.73  units.  The 
results are shown in Table I.  The mean value of Q for all determina- 
TABLE  I. 
E~ea on Dilute Trypsin Solutions When E't'  = Et. 
Tube No.  Average  ml]licufies.  Period of exposure.  Unitg observed  after  exposure. 
1 
2 
3 
Average. 
1 
2 
3 
Average. 
1 
2 
3 
Average. 
154.2 
85.4 
44.1 
151.9 
M.1 
43.5 
132.2 
73.2 
37.8 
hf$, 
0.454 
0.819 
1.588 
0.461 
0.832 
1.621 
0.530 
0.956 
1.852 
2.39 
2.47 
2.42 
2.43 
2.39 
2.40 
2.34 
2.38 
2.31 
2.36 
2.35 
2.34 
fions after exposure is 2.38,  a.d.  -4-  0.03  units.  The mean values of 
Q for each tube and the deviation of these from the mean of all values 
of Q (2.38 units) are as follows: 
Tube I.  2.36,--0.02;  Tube2.  2.41,  +0.03;  Tube&  2.37,--0.01. 
As these deviations are within the precision of the method employed, 
the results indicate that the amount of trypsin decomposed in dilute 
solutions by the radiations (beta and gamma) from radium emanation 
is a function of the product of the two variables, miUicuries and hours, 
and the concentration of trypsin. 
Further investigation of this  function was made in  the  following 
experiment.  Equal volumes of a dilute solution of trypsin giving  an 
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emanation source, having an initial value of 164 millicuries, for periods 
of time so  that  the exposures were 50,  100,  200,  and 300  milUcurie 
hours respectively.  The values of Q observed after these  exposures 
were plotted  as ordinates against the energy unit millicurle hours as 
abscissa~.  A smooth curve was drawn through these coordinates which 
appeared  to  represent an  exponential function.  If  this  is  true  the 
logarithm of Q plotted  against the energy unit (W)  should represent 
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FIG. 1. 
a  straight line.  This was found to be the case.  The graphic repre- 
sentation of this is shown in Fig. 1 and the formulation is as follows. 
A log Q 
w  "  -  k  (i) 
where Q is the concentration of active trypsin observed at any milli- 
curie hour period W, and k is a constant.  From this it follows that 
log Q  ffi  -kW  -I- C  (2) 
where C is a constant. 
WhenW--0,  Q  =Qo 
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Substituting this value of C in equation (2) we have 
log Q =  -kW  +  log Qo,  or  Q ffi Ooe  -~w  (3) 
Solving for k we get 
1  Qo  (4)  k  =  W  log 
For  the  experiment  described  the  average  value for k  was 0.00293 
(inc. hrs.) -1.  A similar experiment was made with a different emana- 
TABLE  II. 
Experiments Demonstrating the Relation of the Product Et to Chemical Effect. 
Average k  =  0.00284. 
Mi]licurie  1  Qo 
Experiment.  Millicurle  Period exposed,  hours  Units Q observed,  k =  ~  log  e 
go  W 
hrs. 
Average. 
Average. 
Average. 
4 
Average. 
164.0 
170.4 
134.7 
47.0 
0.304 
0.614 
1.240 
1.870 
0.294 
0.495 
1.200 
1.840 
0.371 
0.750 
1.519 
2.310 
1.667 
3.287 
50 
100 
200 
300 
50 
83.2 
200 
300 
50 
100 
200 
300 
75 
150 
Qo =  3.29 
2.80 
2.47 
1.87 
1.39 
Qo =  3.12 
2.70 
2.46 
1.80 
1.30 
Qo =  3.39 
2.96 
2.59 
1.88 
1.43 
(2o =  3.03 
2.46 
2.01 
0.0031 
0.0029 
0.0028 
0.0029 
0.0029 
0.0027 
0.0027 
0.0029 
0.0028 
0.0028 
0.0029 
0.0028 
0.0028 
0.0029 
0.0029 
0.0028 
0.0027 
0.0028 
fion  tube  and  'k  was  found  to  have  a  value  0.00281.  Two  more 
experiments were made with results that gave satisfactory agreement 
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given in  Table  II  where it  will be  observed that  the agreement is 
generally  satisfactory.  The  value  of  emanation  was  varied  in  a 
ratio of approximately 1:4. 
We  can  now predict  the  amount  of Q  remaining for  any period 
covered by our observations.  This fact permits a convenient method 
for extending the ratio of the millicurie values employed in the experi- 
ments  just  described.  Three  tests  were  made  for  this  purpose. 
Equal volumes of trypsin solution were exposed to the radiations from 
three  different tubes  of  emanation  of  6.9,  8.2,  and  9.9  millicuries 
respectively for millicurie hour periods of  138.6,  150, and  150  in  the 
order named.  The amount of Q that should be found if the relation 
established above would hold was calculated from equation (3)  using 
the average k from all experiments (Table II).  The following result 
was obtained. 
k  =  0.00284. 
Millicttries 
Tube.  Eo 
1  6.9 
2  8.2 
3  9.9 
Period of exposure. 
]~r$, 
Qo =  2.98 
22.60 
16.71 
Oo -- 2.87 
16.10 
Units of trypsin. 
Observed.  Cidculat  ed. 
2.05  2.01 
1.97  1.95 
1.84  1.89 
The agreement between the calculated and observed values is satis- 
factory.  This extends the ratio of mitlicurie values to about 1: 25. 
These  results  taken  together  permit  the  following  statement. 
The percentage of chemical change ejected,  as measured by determining 
the units of Q remaining after irradiation  of a dilute trypsin solution by 
the radiations from radium emanation  (beta and gamma),  is a function 
of the product of the two variables, millicuries  and hours.  This is true 
(1) within the range of the quantity of radium emanation employed 
(1:25),(2) within the limits of precision of our methods, and  (3)  over 
the extent of the decomposition of trypsin studied (about 60 per cent). 
The  data  presented  show  that  the percentage  decomposition  is 
directly related to the energy emitted.  It does not, however, furnish 
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energy utilized.  It is of interest, nevertheless, to observe the amount 
of energy liberated,  expressed in gram-calories, 4 from the emanation 
during the periods of the experiments made.  The total energy emitted 
by 100 millicuries of radium emanation is 10.9 gram-calories per hour. 
Of this the beta and gamma radiations combined contributed only 1.08 
gram-calories,  0.68  from the beta,  and 0.40  from  the gamma.  Since 
we have been unable to measure any effect when the trypsin solutions 
are irradiated  by gamma  radiations  alone for periods comparable  to 
those  stated  in  the  experiments  shown in  Table  II,  we  assume  the 
decomposition to be produced mainly by the beta radiations.  From 
the above it follows that 1 millicurie of emanation will liberate  0.0068 
gram-calories  per  hour.  In  our  experiments  then  the  total  energy 
emitted as beta radiations was 0.34, 0.68, 1.36; and 2.04 gram-calories 
for the periods, 50, 100,  200, and 300 millicurie hour exposures.  We 
know that a  considerable amount of this was lost so it is evident that 
very small amounts of energy were available. 
SUMMARY. 
The  experiments presented  suggest that the reaction  studied is 
monomolecular.  They show also  that the decomposition is propor- 
tional to the concentration of trypsin  and the quantity of  emanation. 
The entire reaction may be formulated as follows. 
_  d Q  =  k  O ~  (s) 
d~ 
where k is a constant, Q the concentration of trypsin, and E  the amount 
of  emanation  in  millicuries.  As  previously stated,  the  quantity  of 
emanation  is  decreasing  as  a  function  of  time,  i.e.  E  =  Eoe -×'. 
Substituting this value for E  in equation (5) we have 
_  dO=  k  Q 2  o e  -  Xt  (6) 
dt 
which on integration  and  solution for k  becomes 
log  e Q___o 
k =  O  (7) 
Eo (e- x*_ 1) 
but from equation  n 
w  = E  o (e -  x t _  1)  (s) 
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Substituting  W  for its  value in  equation  (7)  we have 
1  log~  Oo  (9) 
k"  W  ~- 
where k is  the constant for  the experiments shown in  Table If,  where 
the  miUicurie hour measure is  used. 
Now  if  E  in equation (5) were assumed constant this  equation on 
integration and solution  for  Ek gives 
I  Qo  K  ==  Ek =-  ~ log  e  _  (I0)  (~ 
and this  is  the K  for  the curves shown in Fig.  2,  It follows  from this 
equation that in order to decompose the same amount of trypsin in 
0.55 
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two experiments with  varying amounts of  JE  it  is  necessary to  use  such 
a  value  of t that E't'  =  Et, and this  is demonstrated  in  the first 
experiment  (Table I).  The  formulation given  is analogous  to an 
enzyme  reaction occurring  under  conditions such that  the enzyme 
is undergoing  spontaneous  inactivation.  This  case was  originally 
considered by Tammann  5 and recently  employed by Northrop: 
5 Tammann, G., Z. physik. Chem., 1895, xviii, 426. 
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As to the nature of the radiochemical decomposition studied we have 
no direct information, but it apparently is an irreversible reaction and 
in  this respect is analogous  to the decomposition of trypsin  by heat 
as studied  by NorthropY  The  fact that  concentrated  trypsin solu- 
tions are not measurably affected tends to strengthen this analogy. 
From other experiments not reported in this paper we have qualita- 
tive evidence which indicates that gamma radiations alone decompose 
trypsin in dilute solution.  However, an exposure for a period as great 
as  2,000  millicurie  hours produces  an  effect comparable  to  a  period 
of  about  150  millicurie  hours  by beta  radiations.  As  to  the  effect 
of x-rays we have found no effect we can measure when our solutions 
are irradiated  for 2 hours by x-rays filtered through  3 ram.  of alumi- 
num,  delivered  from  a  Coolidge  tube  impressed  with  a  maximum 
voltage of 140 kilovolts and current of 4 milliamperes,  with the  solu- 
tion 12 inches from the target.  On the other hand, with the  distance 
from the target 6 inches and no filtration of the x-rays from the same 
source but influenced by 56 kilovolts and  current  of 10 milliamperes 
we have  observed a  striking  destructive  effect.  These  observations 
are of interest from the point of view regarding the question frequently 
raised as to whether the quality of the radiations under discussion has 
different  biological  effects.  If  it  can  be  shown for  various  types  of 
biological  reactions,  studied in vitro,  that  the effect is the same,  as is 
indicated by our studies, the evidence would strongly suggest the same 
to hold true in the tissues. 
Our  experiments  have  not  progressed  far  enough  to  give  us  any 
quantitative  data,  and  reference is  made  here  to  the  results  stated 
only because of their connection with our investigation as a  whole. 
CONCLUSION. 
A quantitative study has been made of the radiochemical decomposi- 
tion of trypsin by the radiations from radium emanation. 
The  following  equation  accounts  quantitatively  for  the  experi- 
mental results presented. 
X Iog  e Qo 
k= 
Eo (, -  ×  t-l) 
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It follows from this that the amount of trypsin decomposed by the 
radiations from radium emanation depends on the  concentration of 
trypsin  present  and  is  proportional  to  the  quantity  of  emanation 
expressed in millicuries and  to  the time of irradiation  expressed in 
hours.  It would seem that it is the active or undissociated trypsin 
that is affected. 
Evidence has been found which suggests that the beta radiations 
produce the decomposition observed for which the above statement 
holds. 
Qualitative  evidence has  been  found which  suggests  that x-rays, 
gamma rays, and beta rays produce identical effects in dilute trypsin 
solutions. 
We wish to acknowledge with appreciation the advice given by Mr. 
Failla regarding the physical considerations of our studies. 